Introduction {#h0.0}
============

The Gram-negative bacterium *Aeromonas hydrophila*, a ubiquitous inhabitant of fresh and estuarine waters ([@B1]), has increasingly been implicated as an etiologic agent in a variety of human diseases ([@B2]). The spectrum of disease severity is broad, ranging from mild diarrhea to life-threatening necrotizing fasciitis, septicemia, meningitis, cholera-like illness, and hemolytic-uremic syndrome ([@B3]). The mere presence of *A*. *hydrophila* in an infected wound is an independent predictor of death among patients with necrotizing fasciitis ([@B4]). While traditionally regarded as a pathogen of immunocompromised humans, there have been several recently reported *Aeromonas* infections of immunocompetent individuals ([@B5]--[@B8]).

Recently, a case report by Shak et al. described a human wound infection involving a mixture of Gram-positive and Gram-negative bacteria, including two distinct strains of *A*. *hydrophila*, Aero 1 and Aero 2 ([@B8]), which we refer to here as strains E1 and E2, respectively. Both of these strains were recovered when the patient was initially admitted to the hospital and were identified as *A*. *hydrophila* on the basis of cell wall fatty acid analysis and biochemical characterization ([@B8]). While strain E1 was resistant to ampicillin and tetracycline, strain E2 exhibited additional antimicrobial resistance, specifically, to aminoglycosides and several expanded-spectrum cephalosporin β-lactams ([@B8]). Despite aggressive antibiotic treatment and surgical debridement, *A*. *hydrophila* strain E1 continued to be cultured from advancing cellulitis. With repeated surgical debridement and treatment with vancomycin and piperacillin-tazobactam, the infection cleared and the patient made a full recovery.

The pathogenic potential of *A*. *hydrophila* has been related to several virulence factors, including the cytotoxic enterotoxin Act ([@B9]), which has hemolytic, cytotoxic, and enterotoxic activities; a variety of proteases ([@B10], [@B11]); cytotonic enterotoxins Ast and Alt ([@B12]); type 3 secretion systems (T3SSs) ([@B13]); and motility factors such as lateral and polar flagella ([@B14]). As in previous case reports of *Aeromonas*-associated human wound infections ([@B15], [@B16]), the report by Shak et al. ([@B8]) did not describe the genotypic or mechanistic determinants of virulence and antibiotic resistance. We hypothesized that the persistence of strain E1 in the wound of this patient could be attributed to known *Aeromonas* virulence factors identifiable at the genotypic and phenotypic levels.

To examine this hypothesis and further develop the earlier findings of Joseph et al. ([@B15]) and Shak et al. ([@B8]), the whole genome of each clinical strain was sequenced and the resulting draft genomes were compared to other *Aeromonas* genomes, including the closed genome of the type strain, *A*. *hydrophila* ATCC 7966^T^ ([@B17]). Comparative genomics revealed several differences in the genomes of *A*. *hydrophila* strains E1 and E2 that suggested that strain E1 was more virulent because of the presence of several virulence factor-encoding genes. To complement the genomic findings and investigate the functionality of these virulence traits, bioassays of strains E1 and E2 were conducted alongside environmental isolate *A*. *hydrophila* ATCC 7966^T^ ([@B17]) and virulent diarrhea isolate SSU ([@B18]) to assess motility, cytotoxicity, protease activity, secretion system functionality, the ability to form biofilms, and serum resistance. Finally, a septicemic-mouse model of infection was used to investigate the virulence potential of both strains E1 and E2 in comparison with those of other well-studied clinical and environmental *Aeromonas* isolates. Altogether, we demonstrated that genotypic differences correlated with functional virulence factor assays, strongly suggesting the existence of an identifiable virulent pathotype of *A*. *hydrophila* that leads to wound infections in humans.

RESULTS {#h1}
=======

Genomic characteristics of *A*. *hydrophila* strains E1 and E2. {#h1.1}
---------------------------------------------------------------

Pyrosequencing of *A*. *hydrophila* strains E1 and E2 resulted in draft genomes with calculated G+C contents of 61.3 and 61.5%, respectively, similar to those of *A*. *hydrophila* ATCC 7966^T^ and the closely related species *A*. *aquariorum* and *A*. *caviae* ([Table 1](#tab1){ref-type="table"}). The genomes of strains E1 and E2 contained an estimated 10 rRNA operons, equal to the genomes of *A*. *hydrophila* ATCC 7966^T^, *A*. *aquariorum* AAK1, and *A*. *veronii* B565 ([Table 1](#tab1){ref-type="table"}). No plasmids were harbored in the genome of either strain E1 or E2 at the time of sequencing. Average nucleotide identity (ANI) analysis by BLAST confirmed that both strains E1 and E2 belong to *A*. *hydrophila* ([Table 2](#tab2){ref-type="table"}). Importantly, E1 and E2 were distinct strains, with 96.88 and 96.96% ANIs, and both strains E1 and E2 were equally dissimilar to *A*. *hydrophila* ATCC 7966^T^, with ANIs of approximately 97% ([Table 2](#tab2){ref-type="table"}). Bidirectional BLAST analyses of annotated coding DNA sequences (CDSs) of *A*. *hydrophila* strains ATCC 7966^T^, E1, and E2, as well as *A*. *aquariorum* AAK1, *A*. *caviae* Ae398, *A*. *salmonicida* A449, and *A*. *veronii* B565, confirmed the results of the ANI genomic comparison (see [Table S1](#tabS1){ref-type="supplementary-material"} and [Fig. S1](#figS1){ref-type="supplementary-material"} in the supplemental material).

###### 

Genome characteristics of three *A*. *hydrophila* strains and four closely related *Aeromonas* species as determined by the RAST annotation pipeline

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Organism                       Source                      No. of\               No. of\     No. of\   No. of\                No. of\   No. of\   No. of\                     G+C\
                                                             contigs               bp          CDSs      RNAs                   tRNAs     rRNAs     rRNA\                       content\
                                                                                                                                                    operons^[*b*](#ngtab1.1)^   (%)
  ------------------------------ --------------------------- --------------------- ----------- --------- ---------------------- --------- --------- --------------------------- ----------
  *A. hydrophila* E1             Wound infection             249                   4,754,562   4,373     76                     70        6         10                          61.3

  *A. hydrophila* E2             Wound infection             426                   4,564,644   4,241     60                     56        4         10                          61.5

  *A. hydrophila* ATCC 7966^T^   Fishy milk                  1                     4,744,448   4,279     158                    127       31        10                          61.6

  *A. aquariorum* AAK1           Septicemia, necrotizing\    36                    4,763,532   4,275     100                    88        12        10                          61.8
                                 fasciitis                                                                                                                                      

  *A. veronii* B565              Pond                        1                     4,551,783   3,936     133                    102       31        10                          58.7

  *A. salmonicida* A449          Furunculosis, brown trout   6[^*a*^](#ngtab1.0)   5,040,536   4,306     137                    109       28        9                           58.5

  *A. caviae* Ae398              Diarrhea, child             149                   4,439,218   3,912     78[^*b*^](#ngtab1.1)   72        6         ?                           61.4
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

 Includes one chromosome and five plasmids.

 rRNA operon numbers for draft genomes were estimated on the basis of the presence of full and partial 16S and 23S rRNA genes and comparison to *A*. *hydrophila* ATCC 7966^T^.

###### 

Pairwise ANIs, by BLAST, of three strains of *A*. *hydrophila* and four closely related *Aeromonas* species

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Organism                         *A. hydrophila*\   *A. hydrophila*\              *A. hydrophila*\   *A. aquariorum*\   *A. veronii*\   *A. caviae*\   *A. salmonicida*\
                                   E1                 E2                            ATCC 7966^T^       AAK1               B565            Ae398          A449
  -------------------------------- ------------------ ----------------------------- ------------------ ------------------ --------------- -------------- -------------------
  *A*. *hydrophila* E1                                **96.88**^[*a*](#ngtab2.1)^   **96.84**          92.8               85.73           86.6           86.49

  *A*. *hydrophila* E2             **96.96**                                        **97.16**          92.95              85.79           86.79          86.82

  *A*. *hydrophila* ATCC 7966^T^   **96.81**          **97.06**                                        92.92              85.5            86.45          86.47

  *A*. *aquariorum* AAK1           92.93              93.04                         93.00                                 85.24           86.57          85.92

  *A*. *veronii* B565              85.8               85.77                         85.55              85.18                              83.74          84.10

  *A*. *caviae* Ae398              86.63              86.68                         86.48              86.54              83.63                          83.97

  *A*. *salmonicida* A449          86.58              86.87                         86.54              86.03              84.15           84.22          
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------

 Values in bold indicate strains that belong to the same species (i.e., ANI of \>95).

Comparative genomics of *A*. *hydrophila*. {#h1.2}
------------------------------------------

The genome sequences of strains E1, E2, and ATCC 7966^T^ contained 4,373, 4,241, and 4,279 CDSs, respectively, upon initial annotation by the RAST server ([Table 1](#tab1){ref-type="table"}). Manual curation was performed to reconcile genes that were fragmented because of sequence quality or disrupted by gaps in contigs and a number of small hypothetical protein-encoding genes. Following curation, we found that all three *A*. *hydrophila* strains shared a core genome of 3,896 genes, which was, on average, 93% of the total CDSs in each genome (see [Fig. 1](#fig1){ref-type="fig"} and [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material).

![Venn diagram of the distribution of protein CDSs inferred from the genomes of *A*. *hydrophila* ATCC 7966^T^, E1, and E2. Numbers of genes unique to and common to ATCC 7966^T^, E1, and E2 are indicated within the Venn diagram. The values are gene counts following manual curation and differ from the gene counts in the automated RAST pipeline results presented in [Table 1](#tab1){ref-type="table"}.](mbo0021314880001){#fig1}

Several of the core *A*. *hydrophila* genes were shared with the other *Aeromonas* species analyzed in this study. For example, all seven genomes contained the following notable operons or features: T1SS (*tolC*); Sec and Tat secretion systems; a mannose-sensitive hemagglutinin (MSHA) bundle-forming type IV pilus (BFP; [Table 3](#tab3){ref-type="table"}); polar flagella encoded in four gene clusters; the cytotonic enterotoxin gene *alt*; glycerophospholipid:cholesterol acyltransferase (GCAT); enolase; the vibriolysin/pseudolysin-like extracellular zinc protease/elastase ([Table 3](#tab3){ref-type="table"}); the cephalosporinase β-lactamase gene *cepS*; the adenylate kinase β-lactamase gene *ampS* (or *ampH*); the carbapenemase gene *cphA*; multiple RND and ABC multidrug resistance (MDR) efflux pump genes; an ABC antimicrobial peptide transporter, the *N*-acetylglucosamine (NAG) utilization operon; an *N*,*N*′-diacetylchitobiose \[(GlcNAc)~2~\] utilization operon; the phenolate siderophore amonabactin gene cluster; the *fbp* gene for a ferric iron ABC transporter that transports iron from the periplasmic space into the cytosol; a hemin utilization locus, *hut*; ferric iron transporter genes; the ferrous iron transporter-encoding gene *feo* cluster; the *luxS* gene; the QS pair *qseBC*; and the QS regulator of virulence gene *hapR* (data not shown). Interestingly, the Tap type IV pilus, encoded in four clusters, was present in all seven genomes, but the level of amino acid identity between the species (\~20 to 60%) was relatively low.

###### 

Presence or absence of protein CDSs in the genomes of three strains of *A*. *hydrophila* and four closely related *Aeromonas* species

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Putative protein CDS                               *A. hydrophila*\   *A. hydrophila*\   *A. hydrophila*\   *A. aquariorum*\   *A. veronii*\   *A. salmonicida*\   *A. caviae*\
                                                     ATCC 7966^T^       E1                 E2                 AAK1               B565            A449                Ae398
  -------------------------------------------------- ------------------ ------------------ ------------------ ------------------ --------------- ------------------- --------------
  Metabolic and related                                                                                                                                              

      *pgt* utilization operon                       \+                 \+                 \+                 \+                 −               −                   −

      Maltose homolog PTS, glucosidase               \+                 −                  \+                 \+                 \+              \+                  −

      *N*-Acetylgalactosamine, *aga*                 \+                 \+                 \+                 \+                 \+              −                   −

      *N*-Acetylmuramic acid transporter             \+                 −                  \+                 −                  −               −                   \+

      Xanthosine                                     \+                 \+                 \+                 −                  −               −                   −

      Uncharacterized hexose-P PTS, *uhpABC*         \+                 \+                 \+                 \+                 \+              \+                  −

      Arabinose utilization                          \+                 \+                 \+                 −                  −               \+                  −

      2-Aminoethylphosphonate                        \+                 \+                 \+                 \+                 \+              −                   −

      Xanthine, *yge*, *yqe* cluster                 \+                 \+                 \+                 \+                 \+              −                   −

      Mannose transporter                            \+                 \+                 \+                 −                  −               −                   −

      [l]{.smallcaps}-Lactate utilization            \+                 \+                 \+                 \+                 −               −                   \+

      [l]{.smallcaps}-Cystine transporter            \+                 \+                 \+                 −                  −               −                   \+

      Glutamate-aspartate transporter                −                  \+                 −                  \+                 −               −                   \+

      Taurine transporter                            \+                 −                  \+                 \+                 −               −                   −

      Cytochrome *o*                                 \+                 \+                 \+                 \+                 −               \+                  \+

      Methylamine homolog utilization                \+                 \+                 \+                 \+                 \+              −                   −

      Benzoate, *N*-acetylglucosamine                \+                 \+                 \+                 \+                 \+              −                   \+

      Phosphonate transporter                        \+                 −                  −                  \+                 −               \+                  −

      Decaheme cytochrome *c*, *nrf*                 \+                 \+                 \+                 \+                 −               −                   −

      Cysteine operon, *cysPTWA*                     \+                 \+                 \+                 \+                 −               \+                  \+

      Glutamine/glutamate transporter                \+                 \+                 \+                 \+                 −               \+                  \+

      Chemotaxis cluster, AHA_2527-2538              \+                 \+                 \+                 −                  −               −                   −

      *N*-Ribosylnicotinamide transporter            \+                 \+                 \+                 \+                 \+              \+                  −

      NO reductase                                   \+                 \+                 \+                 \+                 −               \+                  \+

      Dienelactone hydrolase                         \+                 −                  \+                 −                  −               −                   −

      Quaternary ammonium compound resistance,\      \+                 −                  \+                 \+                 −               −                   −
  propanediol, ethanolamine                                                                                                                                          

      Anaerobic sulfite reductase                    \+                 \+                 \+                 −                  \+              −                   −

      Tungstate transporter                          \+                 \+                 \+                 \+                 \+              \+                  −

      Tetrathionate reductase                        \+                 \+                 \+                 \+                 −               −                   \+

      Nitrate-nitrite reductase                      \+                 \+                 \+                 −                  −               −                   \+

  Appendages                                                                                                                                                         

      CFA/I (α C/U) fimbriae, AHA_0060               \+                 \+                 \+                 \+                 −               \+                  \+

      CFA/I (α C/U) fimbriae, AHA_1021               \+                 −                  \+                 −                  \+              \+                  −

      P (π C/U) fimbriae, AHA_0521                   \+                 \+                 \+                 \+                 \+              \+                  −

      Tap type IV pilus                              \+                 \+                 \+                 \+                 \+              \+                  \+

      TAD Flp pilus                                  \+                 −                  −                  −                  \+              \+                  −

      MSHA BFP type IV pilus                         \+                 \+                 \+                 \+                 \+              \+                  \+

      Polar flagellum                                \+                 \+                 \+                 \+                 \+              \+                  \+

      Lateral flagellum                              −                  \+                 −                  −                  −               \+                  −

  Toxins and exoenzymes                                                                                                                                              

      T3SS, *aexU*                                   −                  \+                 −                  −                  −               \+                  −

      T6SS, *hcp*                                    \+                 \+                 \+                 \+                 −               \+                  −

      Cytotonic enterotoxin/lipase, *alt*            \+                 \+                 \+                 \+                 \+              \+                  \+

      Cytotoxic enterotoxin/hemolysin, *act*         \+                 \+                 −                  \+                 \+              \+                  −

      Cytotonic enterotoxin, *ast*                   \+                 \+                 \+                 −                  −               −                   −

      Enolase                                        \+                 \+                 \+                 \+                 \+              \+                  \+

      Elastase                                       \+                 \+                 \+                 \+                 \+              \+                  \+

      RTX toxin, AHA_1359, and transporter cluster   \+                 −                  \+                 \+                 −               −                   −

      FHA family, RTX toxin                          −                  \+                 −                  −                  −               −                   −

      Pore-forming cytolysin/hemolysin, *hlyA*       \+                 \+                 \+                 \+                 −               \+                  −

      Phospholipase/lecithinase/hemolysin-GCAT       \+                 \+                 \+                 \+                 \+              \+                  \+

      Capsule                                        −                  \+                 \+                 \+                 \+              −                   −

  Antibiotic and multidrug resistance                                                                                                                                

      Macrolide-specific ABC efflux pump             \+                 \+                 \+                 \+                 −               \+                  \+

      Polymyxin B resistance (*arn*)                 \+                 \+                 \+                 \+                 −               \+                  −

      Acr family RND efflux pump, AHA_2959-60        \+                 \+                 \+                 \+                 \+              \+                  −

      ABC-type multidrug transport system,\          \+                 \+                 \+                 \+                 −               \+                  −
  AHA_0484-6                                                                                                                                                         

      MATE efflux pump                               \+                 \+                 −                  \+                 \+              \+                  \+

      OmpK-AmpG                                      \+                 \+                 \+                 \+                 \+              \+                  \+

      NodT family RND efflux pump                    −                  \+                 −                  −                  −               −                   \+

      Acriflavin RND transporter                     \+                 −                  −                  \+                 \+              −                   \+
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

A certain number of *A*. *hydrophila* core genes were not shared with all other *Aeromonas* species genomes (i.e., absent from one or more non-*A*. *hydrophila* species; [Table 3](#tab3){ref-type="table"}). Interestingly, this group contained genes that encode an alpha, or class 5, chaperone/usher (CU) fimbrial operon (AHA_0060, usher gene); a π-fimbrial operon (AHA_0521); the *N*-acetylgalactosamine (*aga*) phosphotransferase system (PTS); the arabinose utilization operon; the pore-forming hemolysin/cytolysin gene *hlyA*; the polymyxin B resistance gene cluster *arn*; as well as several other ABC- and RND-type MDR efflux pumps and a T6SS ([Table 3](#tab3){ref-type="table"}; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). Additionally, the cytotonic heat-stable enterotoxin gene *ast* was found only in the three *A*. *hydrophila* genomes.

As described below, a number of genes present in the genome of strain ATCC 7966^T^ were present in the genome of either strain E1 or E2 but not in both. Common to *A*. *hydrophila* ATCC 7966^T^ and strain E1 were genes that encode the cytotoxic enterotoxin Act, a MATE family MDR efflux pump ([Table 3](#tab3){ref-type="table"}), and five small genomic regions of unknown function (see [Table S1](#tabS1){ref-type="supplementary-material"}). Strains E2 and ATCC 7966^T^ shared several metabolic operons and transporters, including those for the utilization of *N*-acetylmuramic acid, for maltose (or a maltose homolog), and for the utilization and transport of the sulfonic acid taurine ([Table 3](#tab3){ref-type="table"}). They also shared genes that encoded a second α-fimbriae (AHA_1021, usher gene), an RTX toxin (AHA_1359) and its transporter ([Table 3](#tab3){ref-type="table"}), and operons involved in the degradation of chloroaromatics (dienelactone) ([Table 3](#tab3){ref-type="table"}), arsenical compounds (see [Table S1](#tabS1){ref-type="supplementary-material"}), and quaternary ammonium compounds, as well as ethanolamine ([Table 3](#tab3){ref-type="table"}).

There were only 18 genes that were shared by *A*. *hydrophila* E1 and E2 but not present in the genome of ATCC 7966^T^ ([Fig. 1](#fig1){ref-type="fig"}). Of interest among these were distinct serogroup-specific capsular polysaccharide operons that contained some homologous genes (four out of seven; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material).

There were 191 CDSs present in the genome of *A*. *hydrophila* ATCC 7966^T^, which were absent in the genomes of strains E1 and E2 ([Fig. 1](#fig1){ref-type="fig"}), including two large prophage-like integrated regions (see [Table S1](#tabS1){ref-type="supplementary-material"}), the serogroup O:1 antigen lipopolysaccharide (LPS) cluster, and a putative LPS modification gene cluster, along with several small genomic regions of unknown function (see [Table S1](#tabS1){ref-type="supplementary-material"}), the tight adherence (TAD) Flp pilus ([Table 3](#tab3){ref-type="table"}), a phosphonate transporter, and an acriflavin RND transporter ([Table 3](#tab3){ref-type="table"}). Of the three *A*. *hydrophila* genomes analyzed, that of strain E2 had the fewest unique genes, 71 ([Fig. 1](#fig1){ref-type="fig"}), most of which encode proteins of unknown functions. Notable exceptions were a gene cluster that encodes a putative arylsulfatase, the O:18 antigen gene cluster, a type I restriction modification system, several transposons, and a putative MFS xylose transporter (see [Table S1](#tabS1){ref-type="supplementary-material"}).

Virulence factor-encoding genes unique to the genome of *A*. *hydrophila* E1. {#h1.3}
-----------------------------------------------------------------------------

The genome of *A*. *hydrophila* E1 contained a number of virulence factor-encoding genes not found in the genome of *A*. *hydrophila* ATCC 7966^T^ or strain E2. These included a T3SS, a lateral flagellar system ([Table 3](#tab3){ref-type="table"}), and several large exoproteins, annotated as hemagglutinins or adhesins/hemolysins, including one that was 64% identical to exotoxin A of *Pseudomonas aeruginosa* (see [Table S1](#tabS1){ref-type="supplementary-material"}). The T3SS found in the genome of E1 was approximately 26,037 bp in length, was contained on contigs 00088 (bp 1710 to the end) and 00128, and was 97% identical (100% coverage) to the T3SS found in *A*. *hydrophila* strain AH1 (GenBank accession no. [AY394563.2](AY394563.2)) (see [Fig. S2](#figS2){ref-type="supplementary-material"} and S3A in the supplemental material). The genes that encode the lateral flagella of E1 were contained in a single gene cluster of 35 kb located on contig 00003 (\~bp 93,233 to 127,913). This cluster was highly homologous to that of *A*. *salmonicida* A449 and *A*. *hydrophila* AH3, 85% identical, with 93% coverage (see [Fig. S3B](#figS3){ref-type="supplementary-material"}). In addition, the genome of strain E1 harbored at least two prophage-like elements, a glutamate-aspartate transporter, several transposases and insertion elements, and a number of genomic regions of unknown function (see [Table S1](#tabS1){ref-type="supplementary-material"}).

*A. hydrophila* strains E1 and E2 exhibit motility. {#h1.4}
---------------------------------------------------

To examine how the genetic differences in motility-associated factors influenced phenotypes, we performed swimming (polar flagellum) and swarming (lateral flagella) motility assays. Strain E1 displayed significantly higher swimming motility than the type strain ATCC 7966^T^ and the virulent diarrhea isolate *A*. *hydrophila* SSU, whose motility has been previously demonstrated ([@B10]). Strain E2 exhibited less swimming motility than strain SSU but more than ATCC 7966^T^ ([Fig. 2A](#fig2){ref-type="fig"}). Since strain E1 was highly motile, we repeated the swimming motility assay with larger petri dishes to better gauge differences in motility between clinical isolates SSU and E1. Indeed, the differences in motility between these two strains increased further because of the increased surface area available for bacteria to swim ([Fig. 2B](#fig2){ref-type="fig"}).

![Swimming motility of *A*. *hydrophila* strains SSU, ATCC 7966^T^, E1, and E2. (A) Strain E1 showed greater swimming motility than SSU (*P* \< 0.001), while strain E2 exhibited less motility than SSU (*P* \< 0.001) (50-mm-diameter petri dishes). (B) To measure exact zones of migration by *A*. *hydrophila* strain E1, we used 80-mm-diameter petri dishes. Three independent experiments were performed, and the arithmetic means ± the standard deviations were plotted. An asterisk indicates a *P* value of \<0.001 as determined by one-way ANOVA.](mbo0021314880002){#fig2}

The swarming motility assays were performed as described by Kirov et al. ([@B19]), with freshly poured and dried swarming agar plates inoculated from the swimming agar plate culture. Strains E1, E2, and SSU exhibited similar swarming behavior on 0.5% Eiken agar plates at 30°C ([Fig. 3A](#fig3){ref-type="fig"}). This was surprising, given the absence of lateral flagella genes in the genome of strain E2. An alternate protocol, detailed in Materials and Methods, was used that gave phenotypic results for strain E2 in agreement with the genomic findings ([Fig. 3B](#fig3){ref-type="fig"}) while not affecting the observed swarming phenotypes of strains SSU and E1. Other perturbations of the swarming motility assay protocol had pronounced effects on the outcome, including the temperature of incubation of the plates, the concentration of agar added to the medium, and the brand of agar used, as well as the overall medium formulation (data not shown). For example, when the swarming plates were incubated at 37°C irrespective of the agar used (0.5% Eiken versus 0.8% Bacto agar), none of the bacterial cultures tested (E1, E2, or SSU) exhibited any swarming (data not shown). When a different medium composition was used at 30°C, the swarming pattern changed, with strains E1 and SSU exhibiting swarming, while strain E2 showed a moderate level of motility (data not shown).

![Swarming motility of *A*. *hydrophila* strains SSU, ATCC 7966^T^, E1, and E2. (A) Strains E1 and E2 had swarming motility comparable to that of strain SSU on Difco nutrient agar plates with 0.5% Eiken agar at 30°C when the bacteria were propagated as described previously ([@B19]). (B) By an alternative protocol, strains were subcultured from the freezer onto blood agar plates and then inoculated onto swarming plates. In this assay, strain E1 had swarming motility superior to that of strain SSU, and strain E2 exhibited no swarming motility. Three independent experiments were performed, and the arithmetic means ± the standard deviations were plotted. An asterisk indicates a *P* value of \<0.001 as determined by one-way ANOVA.](mbo0021314880003){#fig3}

Electron microscopy demonstrates lateral flagella of strain E1 and rafting behavior of strain E2. {#h1.5}
-------------------------------------------------------------------------------------------------

To further investigate the confounding swarming behavior of strain E2, electron microscopy of cultures taken directly from the swarming plates was performed (see [Fig. S4](#figS4){ref-type="supplementary-material"} in the supplemental material). In agreement with the alternate swarming assay and genome analysis, *A*. *hydrophila* strain E1 produced lateral flagella (see [Fig. S4A](#figS4){ref-type="supplementary-material"}) similar to those of *A*. *hydrophila* strain SSU (see [Fig. S4C](#figS4){ref-type="supplementary-material"}). In contrast, *A*. *hydrophila* strain E2 did not produce lateral flagella but instead exhibited a "rafting"-like behavior that could mimic swarming because of unidentified cell-cell interactions possibly involving extracellular capsule and one or more types of small fimbriae (see [Fig. S4B](#figS4){ref-type="supplementary-material"}).

*A*. *hydrophila* strains E1 and E2 produce AHLs. {#h1.6}
-------------------------------------------------

Quorum sensing (QS)- or cell density-dependent regulation is controlled by the concentration of small signal molecules, *N*-acyl-homoserine lactones (AHLs), termed autoinducers. A common approach used to detect AHLs is via bacterial reporter strains, which do not produce intrinsic AHLs. In the presence of exogenously produced AHLs, these reporter strains display specific, QS-induced phenotypes, such as purple pigment production by *Chromobacterium violaceum* CV026 ([@B20]). *A*. *hydrophila* strains E1, E2, and SSU produced similar levels of AHLs ([Table 4](#tab4){ref-type="table"}). Two negative-control *A*. *hydrophila* strains, namely, ATCC 7966^T^ ([@B21]) and the ∆*ahyRI* isogenic mutant of strain SSU ([@B10]), demonstrated no lactone production in this bioassay.

###### 

Lactone production and hemolytic activities of four *A*. *hydrophila* isolates

  *A*. *hydrophila* strain   Lactone production^[*a*](#ngtab4.1)^   Mean hemolytic activity ± SD (U/ml/10^8^ CFU)
  -------------------------- -------------------------------------- -----------------------------------------------
  SSU                        +++                                    163 ± 2.8^[*b*](#ngtab4.2)^
  SSU∆*ahyRI*                −                                      NA[*^c^*](#ngtab4.3)
  ATCC 7966^T^               −                                      52 ± 4.0
  E1                         +++                                    115 ± 3.3
  E2                         +++                                    24 ± 4.5

 Lactone production scored semiquantitatively: − (none), + (weak), ++ (moderate), or +++ (high).

 The differences between hemolytic activity titers were statistically significant (*P* \< 0.001), as determined pairwise by *t* test.

 NA, hemolytic activity of strain SSU∆*ahyRI* was not measured in this study.

Strains E1, E2, and ATCC 7966^T^ form less biofilm biomass than strain SSU does. {#h1.7}
--------------------------------------------------------------------------------

Biofilm formation represents a characteristic feature of persistent infections, and 30% of *Aeromonas* infections are associated with this virulence trait ([@B22]--[@B24]). To measure solid surface-associated biofilm formation by *A*. *hydrophila* strains E1 and E2, we performed a crystal violet (CV) staining assay of biofilms from cultures grown in polystyrene tubes at 37°C after overnight incubation. *A*. *hydrophila* E1 and E2 formed significantly less solid surface-associated biofilm in polystyrene tubes, as demonstrated by a more-than-3-fold decrease in CV staining, compared to that of the clinical isolate, SSU (see [Fig. S5](#figS5){ref-type="supplementary-material"} in the supplemental material). The biofilms formed by strains E1 and E2 were comparable to that of the type strain, ATCC 7966^T^.

Hemolytic and proteolytic activities of *A*. *hydrophila* E1 and E2. {#h1.8}
--------------------------------------------------------------------

We observed that the hemoglobin release from rabbit red blood cells (RBCs) by the hemolysin(s) produced by strain E1 was comparable to that produced by strain SSU (163 ± 2.8 and 115 ± 3.3, respectively), while that produced by strain E2 (24 ± 4.5 U/ml/10^8^ CFU) was much lower ([Table 4](#tab4){ref-type="table"}), which was considered baseline activity. The hemolytic activity associated with strain ATCC 7966^T^ was 52 ± 4.0 U/ml/10^8^ CFU. To demonstrate that most of the hemolytic activity of strain E1 was associated with Act, we neutralized the toxin with specific antibodies that were serially diluted (5-fold). These antibodies abrogated the hemolytic activity associated with Act in the culture filtrates of strains E1, SSU, and ATCC 7966^T^ in a dose-dependent fashion ([Fig. 4A](#fig4){ref-type="fig"}). Strain E2 does possess the *hlyA* gene, GCAT, and a number of other putative hemolysins ([Table 3](#tab3){ref-type="table"}; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material), which may be responsible for the low baseline hemolytic activity observed in [Table 4](#tab4){ref-type="table"}. As noted in [Table 3](#tab3){ref-type="table"}, strain E2 did not possess the Act-encoding gene. Previous studies have indicated that the pathogenic nature of *A*. *hydrophila* is, in part, associated with the production of exoenzymes, such as proteases and lipases ([@B25], [@B26]). Consequently, we measured protease production and noted that E1 produced a significantly lower level of protease activity than isolate SSU, while strain E2 had a production level of this enzyme comparable to that of SSU ([Fig. 4B](#fig4){ref-type="fig"}).

![The Act-associated hemolytic activity neutralization assay and the protease activity of *A*. *hydrophila* strains E1 and E2 compared to that of *A*. *hydrophila* SSU and/or ATCC 7966^T^. (A) The neutralization of hemolytic activity associated with Act in the culture filtrates of *A*. *hydrophila* E1 and ATCC 7966^T^ compared to *A*. *hydrophila* SSU. The culture filtrates of the strains studied were mixed with either preimmune rabbit serum (control) or 5-fold dilutions of hyperimmune rabbit serum (laboratory stock) containing antibodies to Act before the measurement of hemolytic activity. (B) Protease activity in the culture supernatants of *A*. *hydrophila* E1 and E2 compared to that of *A*. *hydrophila* SSU and ATCC 7966^T^. *A*. *hydrophila* E1 demonstrated a statistically significant decrease in protease activity compared to that of E2 and the two control strains, SSU and ATCC 7966^T^. The data were normalized to 1 × 10^8^ CFU to account for any minor differences in the growth rates. All of the experiments were performed in triplicate, and the data presented are arithmetic means ± standard deviations. OD~595~, optical density at 595 nm.](mbo0021314880004){#fig4}

Expression of T3SS and T6SS. {#h1.9}
----------------------------

The secretion of hemolysin-coregulated protein (Hcp) has become a reliable indicator of functional T6SS in all bacteria with an intact T6SS structure, even though the gene that encodes Hcp is not always found in T6SS clusters ([@B27]). Among the *Aeromonas* strains analyzed in this study, Hcp production (cell pellet) and secretion (supernatant) were noted only in *A*. *hydrophila* strain SSU ([Fig. 5A](#fig5){ref-type="fig"}). While strain ATCC 7966^T^ did not produce Hcp, strains E1 and E2 did synthesize Hcp, as it could be detected in the cell pellet, but were unable to secrete it into the medium ([Fig. 5A](#fig5){ref-type="fig"}). This raises the question of whether the T6SS is functional in strains E1 and E2.

![Expression and production of T6SS-associated Hcp and T3SS effector AexU in *A*. *hydrophila* strains SSU, ATCC 7966^T^, E1, and E2. (A) While only SSU secretes Hcp into the supernatant, the Hcp protein is found in the cell pellet of strains E1 and E2. (B) Though SSU is the only strain to express and produce AexU when grown in DMEM, both SSU and E1 expressed and produced AexU when grown in contact with HeLa cells. As expected from the genomic analyses that demonstrated the absence of AexU from strains E2 and ATCC 7966^T^, neither of these strains produced AexU under either condition.](mbo0021314880005){#fig5}

The AexU toxin is a T3SS effector identified in *A*. *hydrophila* SSU whose secretion can be indicative of a functional T3SS ([@B28], [@B29]). While the positive control, *A*. *hydrophila* SSU, expressed and produced AexU when grown in Dulbecco's modified eagle medium (DMEM), strains ATCC 7966^T^, E1, and E2 were unable to express the gene encoding AexU ([Fig. 5B](#fig5){ref-type="fig"}). The results for strain E1 were surprising, given the fact that the genome of strain E1 harbored the T3SS gene cluster, as well as the small accessory *aexU* gene cluster ([Table 3](#tab3){ref-type="table"}; see [Table S1](#tabS1){ref-type="supplementary-material"} in the supplemental material). We questioned whether bacterium-host contact might be needed for the expression of the *aexU* gene in strain E1, and indeed, interaction of E1 with HeLa cells led to the expression and production of AexU ([Fig. 5B](#fig5){ref-type="fig"}).

Serum resistance of strains E1 and E2. {#h1.10}
--------------------------------------

The survival of strains E1 and E2 in the presence of naïve-mouse serum was compared with that of *A*. *hydrophila* ATCC 7966^T^ (negative control). As expected, no difference in colony counts was noted when strain ATCC 7966^T^ was incubated with either phosphate-buffered saline (PBS) or naive-mouse serum for 1 h ([Fig. 6](#fig6){ref-type="fig"}). In contrast, the colony counts obtained with both strains E1 and E2 after incubation with serum were significantly higher than the counts of samples from PBS, and this difference was greater for the E1 strain than for the E2 strain ([Fig. 6](#fig6){ref-type="fig"}). These data indicated that strains E1 and E2 were serum resistant, as demonstrated by continued growth during 1 h of incubation with serum.

![Serum resistance of *A*. *hydrophila* E1 and E2 isolates compared to that of *A*. *hydrophila* ATCC 7966^T^. *A*. *hydrophila* 7966^T^, E1, and E2 were grown overnight, harvested, and resuspended in an equivalent amount of PBS. An aliquot (50 µl) of the bacterial cells was mixed with either PBS or serum and incubated at 37°C for 1 h. The CFU counts in the samples were then determined as described in Materials and Methods. *A*. *hydrophila* strains E1 and E2 demonstrated statistically significant increases in serum resistance compared to that of strain ATCC 7966^T^.](mbo0021314880006){#fig6}

*A*. *hydrophila* E1 is highly virulent in an animal model. {#h1.11}
-----------------------------------------------------------

To assess the overall virulence potential of *A*. *hydrophila* strains E1 and E2, compared to that of strains SSU and ATCC 7966^T^, we injected various doses of these bacterial isolates into mice via the intraperitoneal (i.p.) route. While a dose of 5 × 10^7^ CFU of strain SSU killed more than 90% of the mice, ATCC 7966^T^ killed \<20% of the animals at this dose ([Fig. 7](#fig7){ref-type="fig"}). Strain E2 had moderate virulence, as it killed more than 70% of the mice at a dose of 5 × 10^7^ CFU. All of the animals injected with strain E1 at a dose of 1 × 10^7^ CFU died within 2 days, while minimal mortality was noted in mice injected with either strain SSU or E2 at this dose (data not shown). When animals were injected with smaller doses of strain E1, for example, 8 × 10^6^, 5 × 10^6^, or 3 × 10^6^ CFU, 85, 60, and 20% (not shown) mortality, respectively, was observed ([Fig. 7](#fig7){ref-type="fig"}). These data indicated that strain E1 was much more lethal than the other *A*. *hydrophila* strains tested in this mouse model. For example, strain E1 was approximately 10 times more virulent than strain SSU.

![Kaplan-Meier survival curves of mice injected with *A*. *hydrophila* strains SSU, ATCC 7966^T^, E1, and E2. Groups of nine Swiss-Webster mice were injected with doses of 5 × 10^7^, 1 × 10^7^, 8 × 10^6^, 5 × 10^6^, and 3 × 10^6^ CFU by the i.p. route. The animals were observed for death over a period of 14 days. The data were statistically analyzed by using a Kaplan-Meier survival estimate. Single and double asterisks indicate the groups compared for statistically significant differences.](mbo0021314880007){#fig7}

DISCUSSION {#h2}
==========

This is the first genomic analysis of a virulent clinical *A*. *hydrophila* isolate, namely, E1. By analyzing the genome and phenotypic characteristics of E1 alongside those of a less virulent clinical isolate and several additional strains of *Aeromonas*, we have identified key differences that distinguish this disease-causing strain from the ubiquitous environmental isolates common to freshwaters. Among the features that distinguished E1 from the other aeromonads in this study were capsular polysaccharide, enhanced bacterial motility, a functional T3SS, and the presence of Act. Our genomic and phenotypic findings regarding each of these features have important implications for virulence in *Aeromonas*.

Antigen presentation can be a critical determinant of bacterial pathogenicity. While strain ATCC 7966^T^ is defined as an O:1 serotype, we could deduce from the genomic sequences of the O-antigen and group II capsular polysaccharide genes that strain E2 was an isolate of either the O:18 serogroup ([@B30]) or a very closely related one. The serotype of strain E1 was unclear, but it was not O:1, O:18, or O:34, for which we have sequence information for comparison. From genome annotation, we could also deduce that strains E1 and E2 were encapsulated, while the capsular polysaccharide gene cluster was absent from the genome of environmental isolate ATCC 7966^T^, diarrhea isolate Ae398, and fish isolate A449; however, *A*. *salmonicida* isolates typically harbor analogous A(S)-layer protein-encoding genes. From these genomic data and other experimental findings, it is clear that capsule production imparts serum resistance to the bacteria ([@B30]). Indeed, the higher level of *A*. *hydrophila* strain E1 and E2 resistance to naive-mouse serum than that of ATCC 7966^T^ could also be related to the presence of capsular polysaccharide in the wound isolates. Therefore, we conclude that extracellular layers such as the capsule are important for the survival of bacteria in wounds.

Bacterial motility, enabled by lateral or polar flagella, may facilitate the invasion of human and nonhuman host cellular barriers ([@B31], [@B32]). Our study found that the lateral flagellum in the genome of *A*. *hydrophila* E1 was homologous to that found in *A*. *salmonicida* A449 ([@B33]) and enabled swarming motility ([@B34]). Surprisingly, strain E2 mimicked swarming motility under certain assay conditions although it lacks genes for lateral flagella. While electron microscopy revealed lateral flagella on strains E1 and SSU, E2 lacked flagella and exhibited a rafting or "bridging" multicellular behavior that may be driven by LPS, capsule, or cell surface-associated factors such as type IV pili ([@B35]). E2's phenotype may also be explained by "sliding" motility, in which bacteria synthesize and secrete surfactants that allow them to spread over surfaces ([@B34]). In all, we found flagellum-enabled "true" motility in *Aeromonas* strains with enhanced virulence but only rafting or sliding motility in less virulent strains such as E2 and ATCC 7966^T^.

The ability to form biofilms, multicellular sessile communities ([@B22]), was not a distinguishing feature of *A*. *hydrophila* E1. Biofilms can facilitate wound chronicity and persistence by creating a barrier against neutrophils, macrophages, and antimicrobials ([@B36]). We recently demonstrated that the effect of cyclic di-GMP (c-di-GMP) on motility and biofilm formation in *A*. *hydrophila* SSU was dependent on the coexpression of three QS systems, AI-1, AI-2, and AI-3 ([@B37]--[@B39]). Intriguingly, the genomes of E1 and E2 harbored numerous genes that encode proteins with GGDEF and EAL domains (involved in the synthesis and degradation of c-di-GMP, respectively), as well as *N*-acyl-homoserine AI-1, *S*-ribosylhomocysteinase (LuxS)-based AI-2, and QseBC-based AI-3 QS systems. In addition, we examined AHL production, since AHL-mediated QS has been shown to regulate exoprotease production and biofilm formation in *A*. *hydrophila* ([@B10], [@B37]--[@B41]). While AHL-deficient knockout mutants demonstrated attenuated virulence in a mouse model ([@B10]), the role of AHL-mediated QS in wound infection isolates of *A*. *hydrophila* such as E1 and E2 has never been tested before. This study demonstrated AHL production by strains E1 and E2, corroborating the presence of an AI-1 QS system. Taken together, these findings indicate that strains E1 and E2 produce less biofilm biomass or that biofilms from these isolates take longer to mature. Aside from regulatory defects unrelated to QS, one possible explanation is that the presence and expression of capsular polysaccharide genes may have a negative effect on biofilm formation rates, as has been demonstrated in various *Vibrio* species ([@B42], [@B43]). Future studies should include extension of the assay time and the use of static culture for biofilm formation, as well as the examination of other regulatory factors to better understand the role of *Aeromonas* biofilms in virulence.

In contrast, the ability to form and secrete extracellular toxins appears to be a distinguishing feature of *A*. *hydrophila* E1. For example, Act is a potent virulence factor secreted via the T2SS that functions as a hemolysin, a cytotoxin, or an enterotoxin, depending upon the target cells ([@B12], [@B25], [@B44]--[@B46]). In this study, we demonstrated that the significant hemolytic activity of *A*. *hydrophila* E1 was due primarily to Act. In contrast, the genome of *A*. *hydrophila* strain E2 did not harbor the *act* gene and it exhibited baseline hemolytic activity. While both strains E1 and E2 exhibited a functional T6SS, as evidenced by the presence of Hcp in the bacterial pellet, no Hcp was found in the supernatant of strain E1 or E2. Therefore, future studies may desire to determine whether E1 and E2 can translocate Hcp into host cells, since the evasion of host innate immunity by strain SSU has been attributed to the secretion of this effector ([@B47]). The presence of T3SSs is more strongly correlated with pathogenicity because of the presence of this factor in the genomes of known pathogens, such as *Yersinia pestis*, *Salmonella enterica*, *Vibrio parahaemolyticus*, and *Shigella* species ([@B48]--[@B50]). We found T3SS genes only in the genomes of *A*. *hydrophila* strain E1 and *A*. *salmonicida* A449 and demonstrated the functionality of strain E1's T3SS by detecting AexU in the presence of host cells. As AexU inhibits macrophage phagocytosis of *A*. *hydrophila* SSU and leads to host cell apoptosis ([@B29], [@B51]), it is likely that the T3SS played a role in the virulence of strain E1

Extracellular proteases have also been suggested as a virulence factor of aeromonads ([@B52]), and both temperature-labile serine proteases and temperature-stable metalloproteases have been characterized in *A*. *hydrophila* ([@B53]). In experimental animal models, protease-null mutants of *A*. *hydrophila* and *A*. *salmonicida* exhibit less virulence than wild-type bacteria ([@B54], [@B55]), and a role for protease in *Aeromonas*-associated tissue damage has been reported ([@B55]). Recently, we showed that the AI-1 QS system positively modulates metalloprotease activity in *A*. *hydrophila* SSU ([@B10]). Interestingly, we observed a lower level of protease activity in the culture filtrate of *A*. *hydrophila* strain E1 than in that of strains SSU and E2. These results raise the possibility that, in contrast to previous studies ([@B25], [@B26]), protease activity and virulence may be inversely correlated in the *Aeromonas* strains studied---a topic that warrants further study with specific gene knockouts. There were approximately 20 genes annotated as proteases or proteinases in the genome of *A*. *hydrophila* strains ATCC 7966^T^ and E2. Only one of these genes was missing from strain E1, specifically, that for a PfpI-like protease. However, it is quite likely that this defect may not be explained by differences in gene content.

When initially isolated, strain E2 exhibited resistance to several aminoglycoside antibiotics, namely, amikacin, tobramycin, and gentamicin, as well as several cephalosporins ([@B8]). During the annotation of the genome sequences, we did not find any unique aminoglycoside-modifying enzymes in the genome of strain E2, compared to that of strain E1. Furthermore, upon resuscitation from cold storage, in preparation for whole-genome sequencing, strain E2 was sensitive to the above antimicrobials. Therefore, the loss of a plasmid harboring antibiotic resistance genes is a possible explanation. Previous studies have demonstrated plasmid-borne antimicrobial resistance in *Aeromonas*; for example, plasmid pAsa4 of *A*. *salmonicida* A449, contains a streptomycin/spectinomycin *O*-adenyltransferase-encoding gene ([@B33]). Furthermore, *Aeromonas* strains have been shown to lose plasmids under stressful conditions ([@B56], [@B57]). Alternatively, initial resistance to several aminoglycosides could be explained by adaptive resistance via increased cell impermeability in this strain, which was induced in the clinical setting ([@B58]).

Through comparative genomic and functional analyses of wound isolates along with other clinical and environmental strains of *Aeromonas*, we not only demonstrated that strain E1 was more virulent than strains E2 and ATCC 7966^T^ in a mouse model of infection but also showed the presence of several functional virulence factors that may be related to its enhanced pathogenicity. Previously, Daily et al. ([@B59]) and Joseph and Carnahan ([@B60]) hypothesized the possibility of subsets of virulent aeromonads within and between the eight species most frequently associated with disease. The findings of the present study provide the foundation for the establishment of distinct pathotypes within the genus *Aeromonas*. Although strain E1 produced less protease and biofilm than diarrhea isolate SSU did, it was much more virulent in a mouse model of infection, possibly because it harbored a capsule, flagella, a functional T3SS, and highly hemolytic Act. Furthermore, we demonstrated the ability to detect these virulence-associated factors through genome sequencing and annotation. More extensive genomic and epidemiological investigations will allow us to ascertain the frequency of core and accessory genes in environmental and clinical *Aeromonas* isolates. In the future, we can aim to detect novel virulence factors through genomic surveillance and estimate the virulence potential of clinical isolates through sequence analysis alone.

MATERIALS AND METHODS {#h3}
=====================

Bacterial strains. {#h3.1}
------------------

Freezer stocks of *A*. *hydrophila* strains E1 and E2, corresponding to Aero 1 and Aero 2 of Shak et al. ([@B8]), were streaked and subcultured on Trypticase soy agar plates with 5% sheep blood agar (SBA; BDMS, Sparks, MD). While E1 colonies were flat and grayish in color with a smooth surface, colonies of E2 were raised and whitish yellow in color with a visible mucoidal exterior, suggestive of the presence of an extracellular capsule. Strains E1 and E2 were tested for seven phenotypic traits by using the Aerokey II dichotomous key as previously described ([@B61]) and were identified as *A*. *hydrophila* subsp. *hydrophila*. Unless otherwise specified, *A*. *hydrophila* here refers to *A*. *hydrophila* subsp. *hydrophila*. For reference, additional strains of *A*. *hydrophila*, ATCC 7966^T^, SSU, and SSU∆*ahyRI* ([@B10], [@B62]), were included in phenotypic experiments.

Genome sequencing and annotation. {#h3.2}
---------------------------------

Genome sequencing of *A*. *hydrophila* strains E1 and E2 was performed at the Emory Genome Center with a GS Junior pyrosequencer (454 Life Sequencing, Branford, CT). The numbers of reads were 130,920 for strain E1 and 130,449 for strain E2, and the average read lengths were 405 and 338 bp, respectively. The estimated average coverages of the E1 and E2 genomes were 11-fold and 9-fold, respectively. Contigs were assembled by using Newbler ([@B63]) and uploaded as multiple-sequence FASTA files to RAST for annotation ([@B64]). Further analyses to identify shared and dispensable genetic traits were performed by using the closed genomes of *A*. *hydrophila* ATCC 7966^T^ (GenBank accession no. [CP000462.1](CP000462.1)) ([@B17]) and *A*. *salmonicida* A449 (GenBank BioProject PRJNA58631) ([@B33]), as well the draft genomes of *A*. *aquariorum* AAK1 (GenBank accession no. [BAFL00000000.1](BAFL00000000.1)) ([@B65]), *A*. *veronii* B565 (GenBank accession no. [CP002607.1](CP002607.1)) ([@B66]), and *A*. *caviae* Ae398 (GenBank accession no. WGS CACP00000000) ([@B67]). To facilitate comparisons, the genomes of the other five *Aeromonas* species were also annotated by using the RAST server with small hypothetical protein-encoding genes accepted from the initial RAST annotation only if they were consistently annotated among the majority of the genomes analyzed. Genomic regions and mobile genetic elements were mapped to the syntenic core on the basis of the homology of conserved flanking genes or sequences.

Comparative genomic analyses. {#h3.3}
-----------------------------

The syntenic core genome of *A*. *hydrophila* was determined by using the SEED viewer comparative genomic feature ([@B68]). To ensure the most accurate syntenic core gene set, the closed genome of *A*. *hydrophila* ATCC 7966^T^ (GenBank accession no. [CP000462.1](CP000462.1)) was used to "map" contigs from draft genomes. For the draft genomes of strains E1 and E2, genes at the end of a contig or interrupted by contig gaps were analyzed by using bidirectional BLASTN analysis against all other genomes. ANI by BLAST was computed with Jspecies ([@B69]). Evolutionary analyses were conducted in MEGA5 ([@B70]). Comparison of the T3SS gene cluster was performed with the Artemis comparison tool ([@B71]).

Motility assays. {#h3.4}
----------------

Luria-Bertani (LB) medium with 0.35% Bacto agar (Difco Laboratories, Detroit, MI) was used to characterize swimming motility, while Difco nutrient broth with 0.5% Eiken agar (Eiken Chemical Co., Ltd., Tokyo, Japan) was used to measure the swarming motility of *A*. *hydrophila* strains. To evaluate swimming motility, the overnight cultures were adjusted to the same optical density and equal numbers (10^8^) of CFU were stabbed onto 0.35% LB agar plates. The plates were incubated at 37°C overnight, and motility was measured by examining the migration of bacteria through the agar from the center toward the periphery of the plate ([@B62]). Growth from the edge of the swimming zone within the agar of these plates provided the inocula for the swarming assay. The swarming plates were inoculated by streaking bacteria onto the surface of the agar ([@B19], [@B72]) and then incubated at 30°C overnight. For swarming motility, an alternate protocol was also used (J. G. Shaw, personal communication). Briefly, inocula from cryogenically frozen cultures were subcultured onto SBA plates, which were incubated overnight at 30°C. Growth from SBA was used to inoculate the surfaces of swarming plates as described above or to inoculate an alternative formulation containing 0.8% (wt/vol) Bacto agar; 0.5% (wt/vol) glucose; 1.0% (wt/vol) tryptone; 0.5% (wt/vol) NaCl; and 0.002% (vol/vol) Tween 80 (J. G. Shaw, personal communication). Inoculated swarming plates were then incubated at 30°C and examined after 8, 16, and 24 h of growth for the swarming phenotype.

Electron microscopy. {#h3.5}
--------------------

Cell suspensions of cultures grown overnight at 30°C on swarming plates were added to 200 µl of 0.5% sodium phosphotungstate (pH 6.8). Subsequently, 15 µl of the sample was applied to the surface of a 300-mesh, carbon-coated, Formvar-coated copper grid. Excess stain was removed, and the grids were air dried. A JEOL 1011 transmission electron microscope (JEOL United States, Inc., Peabody, MA) operating at an accelerating voltage of 80 kV was used to examine the bacterial cells for the presence of lateral flagella.

Production of AHLs. {#h3.6}
-------------------

AHL production was detected by cross-streaking *A*. *hydrophila* strains against the biosensor strain *C*. *violaceum* CV026 on LB agar plates. Positive assays were judged by the degree of induction of the purple violacein pigment in the biosensor strain ([@B73]). Pigment production by *C*. *violaceum* CV026 was scored on the basis of the intensity of the color after overnight incubation of the plates at 30°C. Lactone production was scored semiquantitatively as follows: −, no lactone production; +, weak; ++, moderate; +++, high. An isogenic ∆*ahyRI* mutant of *A*. *hydrophila* SSU was used as a negative control, as this mutant does not produce lactones and, hence, no violacein is induced in the biosensor strain ([@B62]).

Biofilm formation assays. {#h3.7}
-------------------------

In a modification of the biofilm ring assay ([@B74]), strains of *A*. *hydrophila* were transferred from fresh LB agar plates into 3 ml of LB medium contained in polystyrene tubes at 37°C overnight with shaking. Biofilm formation was quantified according to procedures previously described ([@B75]). Biofilm formation results were normalized to 1 × 10^9^ CFU to account for any minor differences in the growth rates of the various bacterial strains used.

Measurement of hemolytic activity. {#h3.8}
----------------------------------

To examine the lysis of RBCs, culture filtrates from *A*. *hydrophila* strains grown for 18 h in LB medium at 37°C with shaking (180 rpm) were treated with trypsin (final concentration, 0.05%; to activate Act or other hemolysins) ([@B76], [@B77]) at 37°C for 1 h and then subjected to a hemolytic assay as described previously ([@B12]). The number of hemolytic units per milliliter of cell filtrate per 1 × 10^8^ CFU was reported ([@B62]). For the neutralization assay, culture filtrates of the strains studied were mixed and incubated for 1 h at 37°C with either preimmune (control) or serially diluted (5-fold) hyperimmune rabbit serum (laboratory stock) containing antibodies to Act before the measurement of hemolytic activity ([@B10]).

Measurement of protease activity. {#h3.9}
---------------------------------

Protease activity was measured in filtrates of *A*. *hydrophila* cultures grown overnight as described previously ([@B78]). LB medium was inoculated with fresh growth from LB agar plates and incubated overnight at 37°C. Protease activity was calculated per milliliter of culture filtrate per 10^8^ CFU. Hide Powder Azure (Calbiochem, La Jolla, CA) was used as the substrate to measure protease activity because of the sensitivity and rapidity of the assay. The substrate incubated with PBS alone served as a negative control.

Expression and production of AexU. {#h3.10}
----------------------------------

To examine the expression and production of AexU, cultures of *A*. *hydrophila* isolates grown overnight were either reinoculated (1 × 10^8^ CFU) into 2 ml of DMEM with 4 mM glutamine and incubated at 37°C for 4 h in the CO~2~ incubator or used directly to infect HeLa cells at a multiplicity of infection of 10 for 4 h in a six-well plate. The bacterial cells were then harvested from either the DMEM or HeLa cell culture supernatants by centrifugation and subsequently lysed in SDS-PAGE loading buffer for Western blot analysis with anti-AexU antibodies as previously described ([@B51]).

Expression and secretion of Hcp. {#h3.11}
--------------------------------

Western blot analysis was used to detect T6SS effector protein Hcp expression in and secretion from *A*. *hydrophila* isolates. Briefly, the supernatants and cell pellets from overnight broth cultures of *Aeromonas* strains were separated by centrifugation. The cell pellets were directly lysed in SDS-PAGE loading buffer, while the proteins in the supernatants were first precipitated with 10% trichloroacetic acid and then dissolved in the loading buffer. The samples of supernatants and pellets were subjected to SDS-PAGE, followed by Western blot analysis with specific antibodies to Hcp, according to the procedure described previously ([@B47]).

Serum resistance assay. {#h3.12}
-----------------------

Pooled sera from naive mice were used in the serum resistance assay. Briefly, overnight *A*. *hydrophila* ATCC 7966^T^, E1, and E2 cultures were harvested and diluted in PBS to an optical density at 600 nm of 0.2 (\~1 × 10^8^ CFU/ml). Next, 50 µl of the diluted bacteria (\~5 × 10^6^ CFU) was mixed with 200 µl of normal mouse serum or PBS. The samples were incubated at 37°C for 1 h. The number of CFU of surviving bacteria in each sample was determined by serial dilutions and plating on LB plates.

Animal virulence model. {#h3.13}
-----------------------

Groups of nine female Swiss Webster mice (Taconic Farms) were injected via the i.p. route with *A*. *hydrophila* strains SSU, ATCC 7966^T^, E1, and E2 in accordance with an approved Institutional Animal Care and Use Committee protocol. The animals were injected with doses of 5 × 10^7^, 1 × 10^7^, and 8 × 10^6^ CFU of all of the strains. Additional animals were also injected at lower doses of 5 × 10^6^ and 3 × 10^6^ CFU of strain E1. Deaths were recorded daily for 14 days postinfection.

Statistical analyses. {#h3.14}
---------------------

All *in vitro* experiments were performed in triplicate, and differences were analyzed for significance by one-way analysis of variance (ANOVA). The animal data were analyzed by using a Kaplan-Meier survival estimate, and *P* values of ≤0.05 were considered significant.

Nucleotide sequence accession numbers. {#h3.15}
--------------------------------------

The genome sequences determined in this study were deposited at NCBI under accession numbers [SRA063950](SRA063950) (*A*. *hydrophila* strain E1) and SRA063951 (*A*. *hydrophila* strain E2).

SUPPLEMENTAL MATERIAL {#h4}
=====================

###### 

Bidirectional BLASTP heat map of *Aeromonas* species genomes with that of *A*. *hydrophila* ATCC 7966^T^ as the reference for comparison. The comparison genomes included, from the outermost to the innermost, those of *A*. *hydrophila* E1, *A*. *hydrophila* E2, *A*. *aquariorum* AAK1, *A*. *caviae* Ae398 *A*. *salmonicida* A449, and *A*. *veronii* B565. The percent translated protein sequence identity for each gene is color coded according to the scale shown. Regions in white represent genes that are present in the reference genome (that of strain ATCC 7966^T^) and absent from the others. Download

###### 

Figure S1, EPS file, 1.9 MB

###### 

Comparative genomics of genes that encode T3SSs in six *Aeromonas* strains. Entire T3SS gene clusters of strains E1 and E2 and GenBank sequences of the T3SSs of *A*. *hydrophila* SSU (GenBank accession no. [AY763611](AY763611)), *A*. *hydrophila* AH3 (GenBank accession no. [AY528667](AY528667)), *A*. *veronii* biovar Sobria HM21 (GenBank accession no. [EF215451](EF215451)), and *A*. *salmonicida* A449 (GenBank accession no. [CP000646](CP000646)) were compared by using NCBI BLASTn, and the results were visualized by using the Artemis comparison tool (Wellcome Trust Sanger Institute). Regions in red are homologous and located on the same DNA strand. Regions in white indicate regions of divergence. Open reading frames of *A*. *salmonicida* A449 are shown at the bottom. Download

###### 

Figure S2, EPS file, 2.2 MB

###### 

Phylogenetic relationship among *Aeromonas* species genes that encode T3SSs (A) and genes that encode lateral flagella (B). T3SS sequences were retrieved from GenBank for *A*. *hydrophila* AH1 (GenBank accession no. [AY394563](AY394563)), *A*. *hydrophila* SSU (GenBank accession no. [AY763611](AY763611)), *A*. *hydrophila* AH3 (GenBank accession no. [AY528667](AY528667)), *A*. *veronii* biovar Sobria HM21 (GenBank accession no. [EF215451](EF215451)), *A*. *salmonicida* JF2267 (GenBank accession no. [AJ616218](AJ616218)), *A*. *salmonicida* A449 (GenBank accession no. [CP000646](CP000646)), and *P*. *aeruginosa* PAO1 (GenBank accession no. [AE004091](AE004091)). Lateral flagellum sequences were retrieved from GenBank for *A*. *salmonicida* A449 (GenBank accession no. [CP000644](CP000644)) and *A*. *hydrophila* AH3 (GenBank accession no. [DQ124694](DQ124694)). The evolutionary history was inferred by the neighbor-joining method. The bootstrap consensus tree was inferred from 1,000 replicates. The evolutionary distances were computed by the maximum composite likelihood method, and each value is the number of base substitutions per site. Download

###### 

Figure S3, EPS file, 1.4 MB

###### 

Transmission electron photomicrographs of three *A*. *hydrophila* strains. A, *A*. *hydrophila* E1; B, *A*. *hydrophila* E2; C, *A*. *hydrophila* SSU. Staining was done with 0.5% phosphotungstic acid. *A*. *hydrophila* E1 and SSU display lateral flagella, while strain E2 exhibits rafting-like behavior. Download

###### 

Figure S4, EPS file, 8.9 MB

###### 

*A*. *hydrophila* E1, E2, and ATCC 7966^T^ form significantly less biofilm biomass on polystyrene than *A*. *hydrophila* SSU does. Biofilms were quantified by CV staining after 24 h of incubation at 37°C. The results presented represent the mean and standard deviation of three independent experiments. An asterisk indicates a *P* value of less than 0.001 as determined by one-way ANOVA. Download

###### 

Figure S5, EPS file, 1.7 MB

###### 

Distribution of *A*. *hydrophila* genes from the genomes of strains E1, E2, and ATCC 7966^T^. A comparative genomic analysis of the three *A*. *hydrophila* genomes was performed, and the syntenic pangenome is presented as mapped to the closed genome of ATCC 7966^T^, with start and stop positions, lengths of genes, and putative functions. For core genome homologues in strains E1 and E2, BLASTP scores are shown, in relation to the ATCC 7966^T^ allele. For genes at ends of contigs and interrupted by contig gaps, bidirectional BLASTN was performed by using the gene sequences from the other strains to confirm the presence and inclusion in or exclusion from the core gene set, and these values are underlined. For dispensable genes not found in ATCC 7966^T^, strain E1 was used as the reference for BLAST analysis. A small subset of unique genes from strains E1 and E2 could not be mapped to the syntenic core genome and are labeled as orphan genes. Certain traits are highlighted for importance.

###### 

Table S1, XLS file, 1.9 MB.
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